A biomass derived carbon, a commercial microporous carbon and a xerogel mesoporous carbon catalysts were used in the study of a-pinene methoxilation reaction and the influence of textural and physicalchemical properties of the carbons was evaluated. Biomass carbon presented the higher activity, whereas the commercial one is the less active in the conditions studied. The main product of the reaction was a-terpinyl methyl ether and good values of selectivity were obtained over all the catalysts.
Introduction
Biomass is already playing an important role in finding answers for some of the challenges society faces today. Along with the raise in environmental concern combined with the need for a sustainable development there is a pressing need to reduce our fossil fuel and fossil derived chemicals dependence [1] . In 2050 it is expected that a significant part of the fuels needed, will be produced from biomass, in the same way biomass should also be used as feedstock in the production of chemicals [2] .
Monoterpenes are renewable resources that are widely used in the pharmaceutical, cosmetic and food industries. Among them aPinene is a readily available and inexpensive raw material usually obtained from pine gum or as a waste from the Kraft process. Several transformations of this material, such as acetoxilation, isomerization, oxidation, among others can be applied to obtain a wide variety of added value products [3] [4] [5] [6] . In particular the main product of the methoxylation catalyzed reaction is a-terpinyl methyl ether. This compound smells grapefruit-like and finds application as flavor and fragrance for perfume and cosmetic products [7] .
When strong mineral acids are used as catalysts for this transformation, the environmental and economic disadvantages are well known. One of the areas that can have a great contribution to overcome these problems is the development of catalysts leading to reactions more energetically efficient, more selective and less hazardous. The use of solids as catalytic materials in liquidphase reactions as replacement for homogeneous catalysts has recently been a major goal in catalysis research. Easy recovery without the need of aqueous treatment during work-up procedures, and the possibility of regeneration are among the advantages of the application of heterogeneous catalysts resulting in a reduction of the environmental impact.
There has been an effort to use porous solid materials as catalysts for the a-pinene alkoxylation and catalysts like Beta zeolite, mesoporous silicas, silica supported heteropolyacids have been reported [8] [9] [10] . Nevertheless more efficient and less expensive catalysts are still on demand for this and other reactions. Activated carbon is a rather inexpensive material that presents enormous versatility and is extremely environmental friendly. Apart from high chemical and physical stability, one of the most interesting features of activated carbons is their porous structure that, depending on the precursor and preparation method, is very tuneable. These materials have found applications in different areas such as adsorption of pollutants [11, 12] separation and purification [13] , and also in catalysis [14] [15] [16] [17] activated carbons have attracted many researchers attention and several lignocellulosic materials have been studied as precursors [18] [19] [20] . Biomass derived carbons have been presented as a suitable pathway for the valorisation of residues. The application of these activated carbons in catalysis for green chemistry represents an extra effort towards sustainability. Activated carbon materials from biomass waste can be produced by physical or chemical activation, but one can consider some advantages in chemical activation, such as the single step process, the combination of carbonization and activation and the relatively lower temperatures [21] . Particularly chemical activation with phosphoric acid may generate phosphorous containing surface functional groups, thus conferring higher surface acidity to the carbon [17] . Furthermore the acid groups of the carbons obtained by this single step have demonstrated high-thermal stability and the obtained carbons present high-structural thermal stability [22] .
This work presents the role of the textural properties of the activated carbons in the catalytic activity for a-pinene methoxylation reaction. The studied carbons were chemically treated to introduce functional groups. For this purpose, microporous-mesoporous and mesoporous carbons have been used. The bi-modal pore structure activated carbon was prepared by chemical activation with H 3 PO 4 of olive stones, a waste from the food industry, whereas, the mesoporous carbon was synthesised by the sol gel method. A commercial activated, carbon obtained by physical activation of biomass residue (coconut shells), was also used for comparison. In order to gain further insight on this reaction a kinetic model was developed and used to described some of the results.
Experimental

Preparation of the catalysts
Biomass derived carbon was prepared as described earlier [22] . Olive stones were supplied by Sca Coop. And. Olivarera y Frutera San Isidro (Periana, Malaga). After grinding the olive stone, the precursors were impregnated with H 3 PO 4 85% (w/w) aqueous solution (H 3 PO 4 /precursor mass ratio = 2) at room temperature and dried for 24 h at 60°C. The impregnated substrates were activated under continuous N 2 flow (150 mL/min STP) at 600°C. Subsequently the activated sample was washed with distilled water at 60°C until neutral pH and negative phosphate analysis in the eluate. Carbon CB was obtained.
The mesoporous carbon sample was prepared according Lin and Ritter [23] by sol-gel technique. All reagents and solvents used in the preparation of resorcinol/formaldehyde (RF) aqueous gels and surface functionalization of the carbon xerogels were purchased from Aldrich and used as received.
An aqueous solution of resorcinol (R), formaldehyde (F) and sodium carbonate (C), was prepared in such a way that the solid material is 5% (wt./v) of the total volume, and in which the R/F mole ratio was fixed at 1:2 and the R/C mole ratio was fixed at 50:1.
The initial pH of the solution was adjusted to 6.10-6.20 with diluted HNO 3 . The solution was sealed in a flask and magnetically stirred during 1 h. This procedure was followed by a thermal treatment at 85 ± 3°C during a week, without stirring. The gel obtained was washed with acetone for 3 days. Afterward it was dried under N 2 atmosphere in a tube furnace using a heating rate of 0.5°C/min. The temperature was heated up to 65°C and then held there for 5 h, raised up to 110°C and kept there for another 5 h. Finally, the carbon xerogel was formed by pyrolysis of the dried gel at 800°C for 3 h in a N 2 atmosphere with both heating and cooling rates set at 0.5°C/min (CM).
A commercial carbon from Norit was used for comparison purposes. This is also a biomass based carbon, derived from coconut shells but using physical activation.
For the oxidation of the carbon surface, the carbon xerogel (CM), the H 3 PO 4 activated biomass carbon (CB) and the commercial Norit carbon were refluxed with a nitric acid solution (13 M) for 6 h (1 g/20 mL). After cooling the materials were washed with deionized water in soxhlet until neutral pH and then dried in oven at 110°C, thus obtaining the catalyst CMN, CBN and NoritN, respectively.
The introduction of sulfonic groups in the carbon xerogel surface was achieved by placing the oxidized mesoporous carbon (CMN) in a concentrated sulfuric acid solution (1 g carbon/20 mL sulfuric acid solution) and heating it at 150°C for 13 h under N 2 atmosphere. The obtained catalyst was washed with deionized water in soxhlet until pH 7 and then dried in oven at 110°C (carbon CMNS).
Characterization of the catalyst
Textural characterization by N 2 adsorption at 77 K was performed on an ASAP 2010 V1.01 B Micromeritics. Samples were degasified at 120°C for 24 h. The apparent specific surface area was determined using the BET method. Microporous volume and mesoporous surface area were determined by the t-method, using a standard isotherm proposed by Greg and Sing [24] .
Temperature-programmed desorption analyses (TPD-MS) were carried out using a Micromeritics TPD/TPR 2900 instrument, coupled with a mass spectrometer Fisons MD800 (Leicestershire, UK) instrument for the monitoring of CO (m/z 28) and CO (m/z 44) evolution. Prior to analysis, the sample (ca. 50 mg) was placed in a fixed bed U-shaped quartz tubular micro-reactor and dried at 383 K in flowing He, overnight. The temperature was increased at a rate of 10 K/min to 1273 K, under a flow of helium (25 mL/min, 0.1 MPa).
Elemental analysis of the carbons was carried out in a CHNS Analyser (Thermofinnigan Flash, EA, 1112 series). Oxygen content was obtained by the difference between the total percentage (100 wt%) and the sum of percentages (wt%) of nitrogen, carbon, hydrogen and sulfur.
The surface chemistry of the samples was analyzed by X-ray photoelectron spectroscopy (XPS) using a 5700C model Physical Electronics apparatus with MgKa radiation (1253.6 eV). For the analysis of the XPS peaks, the C1s peak position was set at 284.5 eV and used as reference to locate the other peaks. The fitting of the XPS peaks was done by least squares using GaussianLorentzian peak shapes. The phosphorus spectrum of biomass carbon was deconvoluted using two doublet peaks with an area ratio of 0.5 and a separation between peaks of 0.84 eV [25] .
Catalytic experiments
The catalytic experiments were carried out in a stirred batch reactor with reflux, at different temperatures (50-65°C) and at atmospheric pressure. In a typical experiment, the reactor was loaded with 50 mL of methanol and 0.2 g of catalyst. Reactions were started by adding the desired amount of a-pinene (3-12 mmol) . Particle sizes of the catalysts were maintained between 100 and 300 lm. Stirring rate was kept in high value (1000 rpm) to minimize external mass transfer limitations.
Nonane was used as the internal standard. Samples were taken periodically and analyzed by GC, using a KONIC HRGC-3000C instrument equipped with a 30 m Â 0.25 mm DB-1 column.
Results and discussion
Catalyst characterization
The different activated carbons were characterized after the oxidation of the surface to determine the features of the catalysts.
Some characterization data of the parent carbons before oxidation is also presented.
Samples CM, CMN and CMNS presented a nitrogen adsorptiondesorption isotherms at 77 K type IV as expected for mesoporous materials. Also the original CB sample showed a type IV isotherm with a close hysteresis loop, characteristic of solids with a broad pore size distribution with meso and micropores contribution. After the HNO 3 treatment, the nitrogen uptake lowered and the shape shifted to type I for sample CBN. On the other hand, samples Norit and NoritN present type I isotherms, characteristic of microporous materials. The Nitrogen adsorption-desorption isotherms of the commercial activated carbon NoritN also shows a hysteresis type H4.
The textural properties and elemental composition of the activated carbons are collected in Table 1 . It should be noted that oxygen amount has been corrected to reflect the presence of phosphorus and sulfur in CB, CBN and CMNS samples. The H 3 PO 4 activated biomass derived carbons and the commercial carbons (CB and Norit) show the highest BET area and microporous volume. After oxidation treatment with HNO 3, NoritN presents higher difference between the microporous volume and the total pore volume meaning that the retained amount of meso and macro porous is higher for the commercial carbon than for the biomass derived carbon. CBN preserves a high microporous volume, indicating that by using the described procedure it is possible to obtain biomass-based and functionalized activated carbon with high microporosity. Nevertheless the oxidation treatment led to some structure changes in the biomass carbon. It did not only display a loss in surface area and micropore volume, which can be related to a preferential oxidation on the micropore mouths that produces blockage of part of the microporosity, but it also showed a huge decrease in the mesopore volume. A previous work revealed that mesoporosity on the CB is mainly located at the external surface of the carbon particle [22] , P-containing carbons, as CB, are gasified following a shrinking core model. N 2 adsorption isotherms of partially gasified samples proved that mesoporosity, which is usually located in the most external part of the carbon particles, was destroyed during the gasification of the carbon at burn-offs lower than 35%, without any macroporosity development. Thus the aggressive oxidation treatment may be eroding the particle surface, destructing the mesoporosity. In contrast the textural properties of the carbon xerogel seem not to be greatly affected by the acid treatment thus indicating that this is a more ordered and stable structure with a lower amount of sites susceptibles of being oxidized and form surface oxygen groups. Elemental analysis of the catalyst samples also revealed that the mesoporous carbon catalyst is probably the carbon material more difficult to oxidize since it is the one with the lower uptake of oxygen after treatment with Nitric acid. The commercial Norit carbon shows the higher amount of oxygen, while CBN carbon seems to develop surface nitrogen groups after the HNO 3 treatment.
Further characterization of the surface chemistry was attained by TPD analysis of the samples. By this technique it is possible to infer in the functional groups present in each sample surface. Fig. 1 presents the TPD curves for the 3 catalysts NoritN, CBN, and CMN. The deconvolution of the CO and CO 2 TPD curves, following the method previously described elsewhere [26] , allows the determination of the contribution of different surface groups. According to the literature [27, 28] some general trends may be applied to the assignment of the deconvoluted peaks. The peaks in the CO 2 curve can be assigned to carboxylic groups, carboxylic anhydride and lactones. In the CO curves there will be contribution from phenol groups, the carboxylic anhydride groups, and also from the carbonyl, quinone and ether altogether. Besides, another contribution was assigned in TPD obtained from the CB samples, being related to the thermal reduction of the surface phosphorus groups. Since the decomposition of carboxylic anhydrides will contribute to both CO and CO 2 profiles, there will be a peak with the same area and half width in each profile of the same sample. The obtained results are presented in Fig. 2 .
Eventhough the bulk characterization by elemental analysis indicated that the oxidized commercial carbon would have the higher amount of oxygen, TPD results show that it is the oxidized biomass derived carbon the one with more surface functional groups. This carbon seems to be more easily modified albeit with some cost to the textural properties. Moreover, it shows a very distinctive peak at temperatures ranging from 750 to 850°C in the CO-TPD that has been assigned elsewhere to the decomposition of the C-O-P bond from the phosphonate groups [20] . The presence of these phosphonate groups endorses strong acid catalyst function to the carbon surface, which has been proven by the high activity in alcohol dehydration for similar biomass based H 3 PO 4 -activated carbons [17, [29] [30] [31] . The nitric acid oxidation of this carbon seems to introduce a higher heterogeneity degree in these species, reflected in the widening of the related peak. It also shows an small reduction in the C-O-P amount, that must come from P groups that were placed in the mesoporosity and were released during the destruction of the external porosity after the acid treatment. In addition CBN sample has the higher amount of carboxilic acid groups in the surface which are expected to be a very active catalytic centers. It is interesting that for the commercial norit carbon the amount of carboxilic groups introduced is similar to the amount of phenol groups which are less acidic.
As mentioned before, the CB carbon was obtained from olive stones using phosphoric acid in the preparation procedure as activating agent. It has been reported in the literature [32] that it is possible that some phosphate groups are formed in the surface of the carbon. The presence of such groups may confer different properties to the catalyst as they can act as another active catalytic center [17] . Besides the different oxygen surface groups, already identified by TPD, the XPS study of sample CB confirmed the presence of phosphorous in the surface of the carbon with a XPS P2p peaks of maxima binding energy around 132.5-133.5 eV (Fig. 3) . The P2p zone is the result of the contribution of three different phosphorus that can be described as P groups bonded to a carbon site with a bridge O atom (COPO 3 or (CO) 3 PO groups, 134.2 eV), [17, 25, 33] . The P2p spectra has been deconvoluted considering such binding energy assignations and results are enlisted in Table 2 . The liquid oxidation treatment results in shift to higher binding energies of the entire signal. This result suggests that the oxidation treatment is able to oxidize not only the carbon surface but also the phosphorus groups. This is supported by the deconvolution results, where most of C 3 PO groups are oxidized to either CPO 3 or COPO 3 oxygenated phosphorus surface groups, which turns to be those more active for acid catalyzed reactions. Even after the treatment with nitric acid and subsequent thorough washing of the activated carbon, most of the phosphorous remains linked to the carbon surface, which points out the stability of such groups.
Catalytic study
The main purpose of these studies was to compare activated carbon with different textural and physicochemical properties in the methoxylation of a-pinene. In this way it may be possible to determine the importance of the different catalyst characteristics for this particular reaction. Fig. 4 shows the conversion with time and the initial activity of the 3 catalysts. CBN presents the higher value, followed by CMN and NoritN.
The two microporous catalysts present similar surface area but the commercial catalyst has more mesoporous which can act as transport porous and facilitate the access to the active site. This feature, however, was not enough to ensure higher catalytic activity.
On the other hand the textural properties do play some role in activity, and mesoporosity may be an important factor determining it. The mesoporous xerogel carbon presents higher activity than the microporous commercial one. In this case it is possible that mesoporous xerogel carbon have their active sites more exposed, whereas the microporous carbon Norit may have part of them in pores inaccessible for the solution.
The main product of a-pinene (1) methoxylation was a-terpinyl methyl ether (2) but simultaneously several by products are also formed: c-terpinyl methyl ether (3), b-terpinyl methyl ether (4), terpinolene (5), limonene (6), endo-bornyl methyl ether (7), b-fenchyl methyl ether (8) , exobornyl methyl ether (9), bornylene (10) and camphene (11) (Scheme 1).
The alkoxylation of a-pinene initiates by protonation of the a-pinene double bond to form the pinyl ion (A). The reaction then proceeds via two parallel pathways depending on the pinyl ion rearrangement, one of which resulting in by-cyclic products (route A) and the other in monocyclic products (route B).
The three catalysts present similar values of selectivity at maximum conversion. Fig. 5 represents the relation of selectivity with conversion and it is observed that there are little differences between catalysts, probably because of the similar nature of the active groups. With all catalysts approximately 50% selectivity to a-terpinyl methyl ether was observed.
To further access the influence of different active centers in the carbon surface a fourth catalyst was prepared and tested in similar reaction conditions. The mesoporous xerogel carbon and the biomass derived carbon after oxidation were submitted to yet another acid treatment with sulfuric acid with the purpose of introducing sulfonic groups in the surface. These functional groups are expected to be stronger active centers in acid catalyzed reactions. For the biomass derived carbon these procedure prove to be overly aggressive and most of the textural properties were lost (results not showed). In the case of the xerogel carbon, the TPD study of the obtained catalyst (CMNS) confirmed the presence of sulfonic groups although in very little amount. In a previous study XPS of this sample showed also the presence of sulfonic groups [14] . The initial catalytic activity of this catalyst was 3, 5 times higher than the simply oxidized one, and the overall conversion was similar to the obtained with biomass catalyst CBN. This behavior may be due to not only the strength of the acid sites but also it is possible that these sites are more accessible. Selectivity was not greatly affected but it is a little higher with this catalyst, close to 60%. Taking all these results in consideration it seems that, even though the nature of the active sites may have an important role, it is probably the amount of active sites what is determining the overall activity. The effect of several parameters in the reaction was evaluated to determine the optimized reaction conditions. This study was focused on the biomass carbon for it is the most promising catalyst. Lowering the reaction temperature resulted in big loss in activity. The exponential dependence on temperature confirms that the reaction system is working on the kinetic control regime and so the reaction temperature was kept at 60°C for the completion of the study.
The initial concentration of a-pinene was varied from 0.06 M to 0.23 M, whilst the temperature (60°C) and the catalyst loading were kept constant (0.2 g). The conversion concentration profiles were not greatly changed. This may be an indication that adsorption of a-pinene with the formation of a monolayer is taking place, thus the same amount of a-pinene is accessible to the active site no matter what the initial concentration is.
The variation of the catalyst loading is represented in Fig. 6 . This study revealed that increasing the amount of catalyst, the conversion increases with time which is probably related with the corresponding increase in active centers. However, increasing the amount of catalyst from 0.2 g to 0.4 g produces just a small increment in conversion thus indicating there is no advantage in using higher amounts. Selectivity is not affected by the changes in catalyst loading (about 60% at the highest conversion).
An important feature of heterogeneous catalyst is the possibility of reutilization. In order to study the catalyst stability a second consecutive run was carried out. A sharp decrease in activity was observed in the second utilization. Selectivity, though, was not affected. Some of the functional groups in the carbon surface seem to have been modified by a secondary reaction; it is probable that the esterification of the acid groups is occurring due to the excess of methanol present in the reaction medium. On the other hand the catalytic activity presented by the catalyst upon second utilization is only slightly higher than the presented by the pristine CB (25 vs. 22% after 250 h), this may mean that the phosphorous containing groups are more stable than the carboxylic groups formed by surface oxidation. This seems to be confirmed by the P2p spectra of CB and CBN catalyst after being used in reaction, Fig. 7 . It can be seen that the oxidation state and amount of P groups is unaffected after being submitted to reaction for CB catalyst, whereas P spectra of CBN, which was shifted to higher binding energies after HNO 3 treatment, reverted to its original oxidation state after reaction. This can be understood as the strongly oxidized and acid COPO 3 groups being deactivated after reaction, while the less oxidized CPO 3 remains intact can act again as the active center for a-pinene methoxylation in the second reaction test.
Kinetic study
A kinetic model can be a powerful instrument to better understand the mechanism involved in a catalytic reaction. A kinetic model was established considering that a-pinene is consumed according to the parallel reaction network shown in Scheme 2, where P represents a-pinene, E represents a-terpinyl methyl ether, ME represents all the monocycle ethers formed, BE represents all the bicycle ethers formed, MH represents all monocycle hydrocarbons formed and BH represents all the bicycle hydrocarbons formed. Also the following assumptions are made:
(1) Isothermal and isobaric reaction conditions.
(2) As in the present case a-terpinyl methyl ether seems not to be consumed, is not necessary a more complex reaction network. (3) Mass transfer problems are considered to be negligible (4) A Langmuir-Hinshelwood kinetics is assumed considering only the adsorption of the reactant a-pinene.
The reaction rates of the pseudo elementary reaction are expressed as: The mole balance equations for batch reactor may be written as:
The optimization was carried out by the SOLVER routine in a Microsoft Excel spreadsheet.
(2)
(10) (11) Scheme 2. Reaction network used for kinetic modelling in alpha-pinene methoxylation. Since some evidence of an adsorption step was present in the experimental results a Langmuir-Hinshelwood kinetics was assumed and the fitting of the model to data points is shown in Fig. 8 . The Thiele modulus and the effectiveness factor were calculated for the most active catalyst (CBN) in order to check the validity of the assumption of absence of mass transfer limitations. The mean particle radius was 90 ± 23 lm, and the effective diffusion coefficient of a-pinene was considered to be 2 Â 10 À9 m 2 /s. The calculated Thiele modulus was 0.13, which resulted in an effectiveness coefficient higher than 95%. Therefore, internal mass diffusion effects can be considered negligible in the experimental conditions studied in this work. It was observed that kinetic model fits experimental concentration data quite well. Table 3 shows the kinetics rate constants obtained by fitting the model to the experimental data.
Another model assuming the adsorption of the products was also tested following also a Langmuir-Hinshelwood kinetics. The results showed that the improvement in the fitting was not significant and so increasing the number of parameters was not justified.
It was observed that the CBN catalyst showed the highest activity, showing the highest values for the different kinetic rate constants. For the less active catalysts the secondary reactions seem to be less pronounced and the kinetic rate constants are one or more orders of magnitude smaller compared with the values obtained for sample CBN.
Conclusion
Three HNO 3 oxidized carbon materials, a meso-microporous activated carbon prepared with biomass waste (olive stones), a xerogel carbon and a commercial microporous carbon, were successfully used as acid catalysts in the methoxilation of a-pinene yielding a-terpinyl methyl ether as main product of the reaction.
There are many biomass based activated carbons and different procedures to obtained them. In this paper it was used a commercial activated carbon (Norit) and an olive stone base activated carbon, both derived from biomass. The olive stone based carbon was obtained by chemical activation with phosphoric acid. It was observed that this resulted in a biomass catalyst with better characteristics for the reaction studied, resulting in a clear added value to the material. The catalytic activity increased in the order Cnorit < CMN < CB. The commercial catalyst was found to be the less suitable one.
The results also seem to indicate that the most important feature of these catalysts is the surface chemistry although some effect of the textural properties could be observed. All catalyst showed good selectivity towards the a-terpinyl methyl ether. A kinetic model has been developed that accurately describes the experimental data, allowing to assess the formation of the pynil ion as the rate determining step in this reaction. 
